In the cathode side of a polymer electrolyte fuel cell (PEFC), a micro porous layer (MPL) added between the catalyst layer (CL) and the gas diffusion layer (GDL) plays an important role in water management. In this work, by using both quasi-static and dynamic pore-network models, water and vapor transport in the MPL and GDL has been investigated. We illustrated how the MPL improved water management in the cathode. Furthermore, it was found that dynamic liquid water transport in the GDL was very sensitive to the built-up thermal gradient along the through-plane direction. Thus, we may control water vapor condensation only along GDL-land interfaces by properly adjusting the GDL thermal conductivity. Our numerical results can provide guidelines for optimizing GDL pore structures for good water management.
Introduction
Water management plays a critical role in the performance and durability of low-temperature polymer electrolyte fuel cells (PEFCs). A delicate water balance in the system must be maintained in order to keep the membrane hydrated, and meanwhile avoid liquid water flooding in porous components and flow fields, i.e., gas channels [1] . Over the past two decades, numerous studies have been conducted for improving our understanding of water transport mechanisms within the PEFC [2] [3] [4] [5] [6] [7] [8] [9] [10] . Compared to the anode side, water transport in the cathode has usually attracted more attention. This is because the cathode is prone to being flooded first, and the oxygen reduction reaction (ORR) is very sluggish.
Many efforts have been made to improve water management by optimizing the porous structure of gas diffusion layer (GDL). Particularly, it was found that in the cathode adding one/multiply micro porous layers (MPLs) between the catalyst layer (CL) and the GDL can dramatically improve the cell performance at high current densities. This improvement was primarily attributed to a better water management [6] . The MPL is typically consisted of carbon power bound with a hydrophobic polymer (e.g., PTFE). It has much smaller pore sizes than those in the GDL. Besides assisting in water management, the MPL performs several other roles in improving the GDL function such as providing a smooth surface in contact with the CL, preventing catalyst migration into the GDL substrate and losing contact with the membrane, and enhancing electronic transport to the bipolar plates [7] .
Over the past few years, many studies have been dedicated to understating the mechanisms of the MPL in regulating water transport in the PEFC. These include in situ and ex situ experiments and continuum-scale and pore-scale numerical simulations [8] [9] [10] [11] [12] [13] [14] . In ex situ experiments, by analyzing water balance measurements and polarization curves, several typical mechanisms were proposed such as enhancing back diffusion of water to the anode [15] and preventing condensed water from accumulating and blocking oxygen access to the cathode CL [10] . Due to the strong coupling between heat and phase change, some observations may be controversial to each other under versatile operating conditions. Non-invasive visualization techniques were also employed to gain insights into the MPL function in the water management. It was found that the presence of an MPL significantly reduced the water content at the CL-GDL interfacial region [9] . In Deevanhaxay et al.'s [8] in situ observations, it was found that liquid water was transported to the GDL mainly through the cracks in the MPL; and the water content in the MPL was low near the CL and high towards the GDL side.
On the other hand, the pore-scale modeling has been playing an important role in supplementing laboratory experiments for understating water movement in the cell. In the literature, there have been many pore-scale numerical studies of liquid water transport in the GDL ([2, [16] [17] [18] many thereof) and gas channels (GCs) [19] . Recently, evaporation was also included in the pore-network modeling [2, 20] for understating its role in water management. However, up to now, only a few studies of pore-scale modeling of the bi-layer porous medium (i.e., the GDL and MPL) are conducted [13, 14, 16] . According to our best knowledge, none of them considered water vapor transport and its coupling with liquid water. It is worth nothing that, due to the build-up of thermal gradient in the through-plane direction, water vapor transport may play a dominant role in the MPL's and GDL's functionalities of water management, particularly at a high operating temperature (e.g., 80˝C). This has been illustrated by our pore-scale studies.
In this work, we have modeled the cotransport of liquid water and vapor in the MPL and GDL using our previously developed dynamic pore-network model [2] . To consider the effect of a built-up thermal gradient on water transport, a linear temperature distribution along the through-plane direction was assumed, instead of solving the pore-scale heat transfer. Furthermore, we improved the numerical algorithm for updating liquid water saturation such that the computational effort has been considerably reduced. In addition, we employed new pore-network structures of the GDL and MPL. In comparison with those in previous studies, they may better represent realistic porous structures. More detail is given in Section 2. Based on several case studies, the objective of this work is two-fold. One is to illustrate the mechanisms of the MPL in mitigating liquid water flooding in the cathode; the other one is to show the effects of GDL thermal conductivity, cell operating temperature, and operating current density on liquid water transport in the GDL.
Pore-Network Representations of the GDL and MPL
A novel pore-network generator was developed. By employing a probability-controlled elimination process for pore throats, we can calibrate the network generation by the coordination-number distribution, which is one important material property of porous media. In addition, an anisotropic porous medium can be constructed. This has been done to the carbon-paper GDL network structure in this work. Figure 1 shows the GDL and MPL pore-network structures. According to available literature data [2, 21, 22] , we generated the GDL and MPL networks with their inscribed pore-body radius distributions shown in Figure 2 . The pore bodies are cubic and the pore throats have square cross sections. The pore-throat size was determined by the method given in [2] . We further calibrated the networks in terms of porosity, permeability, and average coordination number. Table 1 lists the information of the generated pore networks for the GDL and MPL. The constructed GDL has an anisotropy factor of 1.4 for the intrinsic permeability. For making the present pore-scale modeling feasible, the mean pore size of the constructed MPL is a few times larger than several available MPL materials [7, 10] . Finally, the GDL and MPL were combined to form the bi-layer medium by constructing layer-layer interface pore throats. 
Dynamic Pore-Network Model
The basic idea of a pore-network model is to first construct a network of idealized pore elements, which can adequately represent the porous medium of interest; then, flow and transport are solved in the constructed network, usually with the help of some local rules. In such a way, the computational effort will be reduced considerably.
The detail of the developed model was presented in [2] . Here, we only introduce the governing equations of air-water two phase flow and water vapor transport in the network.
First, the mixture pressure equation is given as:
where the superscripts g and l denote the gas and liquid phases, respectively, the subscripts i and ij denote the pore body and pore throat, respectively, p c is the capillary pressure, p is the mixture pressure, K is the flow conductance, s is the saturation, ρ is the mass density, r l i is the phase change rate between liquid water and water vapor, N i is the number of pore throats connected to the pore body i. Once the mixture pressure in a pore body is known, the individual gas and liquid pressures are calculated by:
Second, the volumetric conservation of liquid water is written as:
where the total flux through the pore throat is defined by Q tot ij " Q g ij`Q l ij , the total conductance of the pore throat is defined by K tot ij " K g ij`K l ij , and V i is the pore-body volume. Finally, the water vapor mass conservation is given as:
where C wv i is the water vapor concentration in the pore body, Q g ij is the gas flux through the pore throat, D wv ij is the water vapor diffusivity, and A g ij is the flow area for gas phase. The phase change rate between water and vapor is modeled by:
where k is the phase change rate coefficient, C sat i is the saturated water vapor concentration calculated as a function of local temperature (see Equation (22) in [3] ), and a gl is the interfacial area between gas and liquid phases. All supplementary constitutive relationships, such as phase conductance, air-water interfacial area, and pore-scale capillary pressure saturation relationship, can be found in [2]. They are not repeated here for simplicity.
Numerical Implementation and Description of Case Studies
The numerical discretization of Equations (1), (3), and (4) was given in detail in [2] . A semi-implicit scheme was used in liquid water transport Equation (3); and a fully implicit scheme was used in water vapor transport Equation (4) . Given the fact that the time for filling a pore body is much larger than the time for water vapor transport, in this work, we decoupled water vapor transport from liquid water dynamics. We used a relatively large time step t wv for water vapor transport (Equation (4)). Liquid water transport (Equation (3)) was updated every a few time steps of water vapor calculation. This reduced the computational effort considerably. Note that when liquid water transport was updated, the time step was determined by Equation (A16) in [2] .
It was assumed that water went into the MPL in the vapor form. A uniform water vapor flux was specified corresponding to a given current density. No-flux boundary condition was specified for water vapor and liquid water under the land areas. Under the channel area, a constant vapor concentration was specified, which was equal to the saturated water vapor concentration for a given cell operating temperature. In addition, under the channel area, zero capillary pressure was assumed [2] .
Besides the dynamic pore-network modeling of the GDL and MPL, we also conducted the quasi-static pore-network modeling to illustrate the mechanism of the MPL in reducing the coverage of liquid water on the CL surface under the assumption of pure liquid water capillary movement [9] . When water vapor transport under non-isothermal condition was involved, we used the dynamic pore-network model. The aim is to illustrate the role of the MPL in preventing condensed liquid water blocking the CL interface. In this work, we did not model liquid water condensation in the MPL for simplicity.
With the dynamic pore-network model, we conducted four case studies. We considered fully-saturated water vapor condition in the GC. Case 1 was set to the base case, in which the operating temperature (i.e., the GDL-GC interface temperature) was set to 80˝C. For simplicity, we did not explicitly solve heat transfer, but assumed a linear distribution of temperature along the through-plane direction. The distribution was calculated by the GDL and MPL thermal conductivities and heat flux from the MEA (membrane electrode assemble). It was assumed that half of the generated heat was removed from the cathode side; and the generated heat was assumed to be p1.48´UqI [10] . In addition, the thermal gradient of the GDL along the in-plane direction was neglected, given the fact that its in-plane thermal conductivity is much larger than the through-plane one [23] . Table 2 lists all physical and operating parameters used in the base case study. In case 2, the thermal conductivity of the GDL was reduced by half, while the remaining parameters were kept the same as in case 1. In case 3, the operating temperature was set to 60˝C, which was used in many in situ observations. In case 4, a low current density of 0.6 A/cm 2 was considered. 
Results

Quasi-Static Modeling of Liquid Water Pathways
We used the quasi-static pore-network modeling to illustrate the mechanism of the MPL in reducing liquid water coverage on the CL surface. Pure liquid water movement under the capillary action and crack-free MPL were assumed. The algorithm for the quasi-static model is the same as in [17] . We considered the condition of severe liquid water flooding in the cathode. Figure 3 shows the liquid water pathways (red lines) in the MPL, the GDL, and the bi-layer. The boundary condition of uniform liquid water flux was assumed at the MPL-CL interface. Due to the capillary fingering of liquid water, only a few breakthrough points were observed at the outlet. Without the MPL (Figure 3b ), there was a full coverage of liquid water on the CL surface. This situation would shut down the cell operation [10] . When the MPL was placed between the CL and the GDL, it is clearly seen that around half of the MPL-GDL interface was free of liquid water as shown in Figure 3c . However, the water pathways inside the GDL were not affected at all. This may be in part due to the two-dimensional simplification of the GDL, which needs to be confirmed in further studies.
We used the quasi-static pore-network modeling to illustrate the mechanism of the MPL in reducing liquid water coverage on the CL surface. Pure liquid water movement under the capillary action and crack-free MPL were assumed. The algorithm for the quasi-static model is the same as in [17] . We considered the condition of severe liquid water flooding in the cathode. Figure 3 shows the liquid water pathways (red lines) in the MPL, the GDL, and the bi-layer. The boundary condition of uniform liquid water flux was assumed at the MPL-CL interface. Due to the capillary fingering of liquid water, only a few breakthrough points were observed at the outlet. Without the MPL (Figure 3b ), there was a full coverage of liquid water on the CL surface. This situation would shut down the cell operation [10] . When the MPL was placed between the CL and the GDL, it is clearly seen that around half of the MPL-GDL interface was free of liquid water as shown in Figure 3c . However, the water pathways inside the GDL were not affected at all. This may be in part due to the two-dimensional simplification of the GDL, which needs to be confirmed in further studies. Second, the effect of cracks in the MPL on liquid water pathways in the GDL was explored. Based on the distribution density of cracks in the MPL [25] , two crack locations were assumed along the MPL-GDL interface. Liquid water from the CL mainly moves through the cracks into the GDL. Three realizations of the crack locations were generated. Figure 4 shows their water pathways in the GDL. It was found that liquid water flooding in the GDL was dramatically mitigated, because the cracks in the MPL restricted water invading sources at the MPL-GDL interface. Similar results were seen in Medici and Allen's pore-network modeling [26] . In addition, in Figure 4 it is seen that the isolated water clusters did not expand too much in the in-plane directions. Second, the effect of cracks in the MPL on liquid water pathways in the GDL was explored. Based on the distribution density of cracks in the MPL [25] , two crack locations were assumed along the MPL-GDL interface. Liquid water from the CL mainly moves through the cracks into the GDL. Three realizations of the crack locations were generated. Figure 4 shows their water pathways in the GDL. It was found that liquid water flooding in the GDL was dramatically mitigated, because the cracks in the MPL restricted water invading sources at the MPL-GDL interface. Similar results were seen in Medici and Allen's pore-network modeling [26] . In addition, in Figure 4 it is seen that the isolated water clusters did not expand too much in the in-plane directions. 
Dynamic Pore-Network Modeling of Water and Vapor Transport
With the physical and operating parameters given in Table 2 , the temperature distribution in the MPL and GDL for case 1 is shown in Figure 5a . The temperature difference was around 3.3 K along the through-plane direction. The temperature gradient in the MPL was seven times as large as in the GDL calculated by their thermal conductivity ratio. As a result, the MPL transported all generated water in pure water vapor form. No condensation occurred in the MPL as shown in Figure 5b . Because we used the nonequilibrium phase change model (Equation (5)), in the GDL pore elements with RH values greater than 100% indicated that water vapor condensation occurred there. Figure 5c shows water condensation rates in the GDL. It is seen that liquid water preferred to accumulate under the land areas due to the mass transfer limitation and relatively low temperature there. Note that condensation can be even enhanced when the land length is larger, for instance, 1 mm as used in many previous studies [8, 9] . Table 1 . Figure 6 shows the temporal evolution of liquid water in the GDL. Initially, high water saturation was observed at the GDL-land interface and the MPL-GDL interface [27] . Note that the phase change rate coefficient, k , is set to 1 m/s for all case studies, in order to approach the mass 
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Computation 2016, 4, 21 9 of 13 accumulation, liquid water moved backward to the MPL-GDL interface, primarily underneath the land areas (Figure 8b,c) . Figure 8d shows the steady-state distribution of liquid water in the GDL. It is seen that the pore spaces under the channel area were free of liquid water. In comparison to the parameters used in case 1, the thermal conductivity of the GDL was set to 0.7 W/m·K.
To estimate whether the MPL can remove all cathode water by water vapor diffusion, the following empirical equation is used [10] : the ability of removing all cathode water in water vapor form, which was also confirmed in our porenetwork modeling (see Figure 5 ). When the operating temperature is set to 60 °C, the value of wv f reduces to be 0.71. This indicates that liquid water flooding occurs in the MPL. However, in case 3, we did not model liquid water condensation in the MPL for two reasons. First, cracks (>5 µm) of the MPL may be the main pathways for liquid water migration which were not included in our MPL generation. Second, the computational effort is heavy for a crack-free MPL. Therefore, we assumed that all water went into the GDL in the vapor form. Figure 9 shows the temporal evolution of water saturation and liquid water clusters in the GDL in case 3. In contrast to the results in case 1, water vapor condensed primarily in the pore spaces along the MPL-GDL interface (Figure 9a ). Afterwards, liquid water moved towards the top of GDL under the capillary action. Figure 9d shows the finally formed water pathways at 150 s. Slightly more pore spaces were flooded by liquid water than in case 1. In comparison to the parameters used in case 1, the thermal conductivity of the GDL was set to 0.7 W/m¨K.
To estimate whether the MPL can remove all cathode water by water vapor diffusion, the following empirical equation is used [10] :
where f wv is the fraction of cathode water (p1`2aq I{2F) transferred by water vapor diffusion, F is the Faraday constant, a is the net water transfer coefficient from the anode to the cathode, D e f f is the layer-scale effective diffusivity of water vapor for the MPL, R is the universal gas constant, T is the cell operating temperature in Kelvin, p sat is the saturated water vapor pressure, f q is the fraction of released heat transported by the cathode, and U is the cell voltage. Assuming the net water transfer coefficient is zero, and the MPL effective diffusivity can be calculated by 0.5ˆε 1.5 D wv pT{333q 1.75 [3] , in case 1 and 2, the value of f wv is 1.54. This means that the MPL has the ability of removing all cathode water in water vapor form, which was also confirmed in our pore-network modeling (see Figure 5 ). When the operating temperature is set to 60˝C, the value of f wv reduces to be 0.71. This indicates that liquid water flooding occurs in the MPL. However, in case 3, we did not model liquid water condensation in the MPL for two reasons. First, cracks (>5 µm) of the MPL may be the main pathways for liquid water migration which were not included in our MPL generation. Second, the computational effort is heavy for a crack-free MPL. Therefore, we assumed that all water went into the GDL in the vapor form. Figure 9 shows the temporal evolution of water saturation and liquid water clusters in the GDL in case 3. In contrast to the results in case 1, water vapor condensed primarily in the pore spaces along the MPL-GDL interface (Figure 9a ). Afterwards, liquid water moved towards the top of GDL under the capillary action. Figure 9d shows the finally formed water pathways at 150 s. Slightly more pore spaces were flooded by liquid water than in case 1.
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In case 4, the current density is 0.6 A/cm 2 , with the cell voltage of 0.73 V [10] . According to Equation (6), the value of w v f is 1.22, indicating that the MPL was free of liquid water. If we use Equation (6) for the GDL by assuming that it is a one-dimensional problem, it can be seen that reducing current density would decrease the fraction of cathode water transferred by water vapor diffusion in the GDL. Figure 10 shows the temporal water distributions in the GDL. It was found that there was no significant difference in the formation of liquid water pathways, expect that in case 4 it took much longer time to accumulate a certain amount of water content in the GDL. 
Discussion and Conclusions
With the quasi-static pore-network modeling of liquid water pathways in the MPL and GDL, we show that a crack-free MPL considerably reduced liquid water coverage on the CL surface. However, water pathways in the GDL were not affected significantly. Gostick et al. [28] reported that breakthrough saturation in the GDL was dramatically reduced with a MPL. This is probably because the boundary condition of pressure head was used in their experiment. In our work, the water flux boundary condition was used [2,29]. Furthermore, it was found that cracks in the MPL could reduce Figure 9 . Temporal evolution of water saturation and liquid water clusters in the GDL in case 3. In comparison to the parameters used in case 1, the operating temperature was set to 60˝C.
In case 4, the current density is 0.6 A/cm 2 , with the cell voltage of 0.73 V [10] . According to Equation (6), the value of f wv is 1.22, indicating that the MPL was free of liquid water. If we use Equation (6) for the GDL by assuming that it is a one-dimensional problem, it can be seen that reducing current density would decrease the fraction of cathode water transferred by water vapor diffusion in the GDL. Figure 10 shows the temporal water distributions in the GDL. It was found that there was no significant difference in the formation of liquid water pathways, expect that in case 4 it took much longer time to accumulate a certain amount of water content in the GDL. . Temporal evolution of water saturation and liquid water clusters in the GDL in case 3. In comparison to the parameters used in case 1, the operating temperature was set to 60 °C.
With the quasi-static pore-network modeling of liquid water pathways in the MPL and GDL, we show that a crack-free MPL considerably reduced liquid water coverage on the CL surface. However, water pathways in the GDL were not affected significantly. Gostick et al. [28] reported that breakthrough saturation in the GDL was dramatically reduced with a MPL. This is probably because the boundary condition of pressure head was used in their experiment. In our work, the water flux boundary condition was used [2,29]. Furthermore, it was found that cracks in the MPL could reduce Figure 10 . Temporal evolution of water saturation and liquid water clusters in the GDL in case 4. In comparison to the parameters used in case 1, the current density was set to 0.6 A/cm 2 .
With the quasi-static pore-network modeling of liquid water pathways in the MPL and GDL, we show that a crack-free MPL considerably reduced liquid water coverage on the CL surface. However, water pathways in the GDL were not affected significantly. Gostick et al. [28] reported that breakthrough saturation in the GDL was dramatically reduced with a MPL. This is probably because the boundary condition of pressure head was used in their experiment. In our work, the water flux boundary condition was used [2, 29] . Furthermore, it was found that cracks in the MPL could reduce water flooding in the GDL significantly. This is attributed to the fact that cracks in the MPL restricted water invading sources at the MPL-GDL interface, which was much stronger than the restriction from the MPL percolation process.
Phase change between water vapor and liquid water plays an important role in water removal process at a relatively high operating temperature. At a high operating temperature of 80˝C, water transport in the MPL is in the form of vapor diffusion (refer to case 1, case 2, and case 4). This considerably reduces liquid water coverage on the CL surface. As a result, the cell performance can be improved dramatically at high current densities. When the operating temperature is reduced to 60 C (refer to case 3), liquid water flooding occurs in the MPL. Condensed liquid water enters the MPL from the CL-MPL interface. In such conditions, cracks in the MPL may be beneficial to liquid water removal in the MPL and GDL for two reasons. First, cracks are the main pathways for liquid water, while leaving fine pore spaces for reactants transport. Second, as mentioned above, cracks in the MPL restricted water invading sources into the GDL. Thus, this reduces water flooding in the GDL.
Due to the land (i.e., rib) effect and a relatively high thermal conductivity, liquid water flooding in the GDL cannot be avoided in the condition of wet GC. Water vapor prefers to condense along the GDL-land and MPL-GDL interfaces (refer to case 1). By decreasing the GDL thermal conductivity, we can constrain the condensation only along the GDL-land interface (refer to case 2). Meanwhile, to prevent liquid water moving back the MPL-GDL interface, we may design multi-layered GDL with decreased pore sizes towards the MPL. In addition, under the wet GC condition, steady-state water distribution in the GDL is not sensitive to the operating current density (refer to case 4). However, it is expected that increasing current density would increase water flooding in the GC [8] , which was not modeled in this work.
For simplicity, in this work, we assumed a linear temperature distribution along the through-plane direction. Although the effect of temperature gradient on water transport was considered (i.e., water evaporates in a high-temperature region, and then condenses in a low-temperature region), latent heat by phase change was not allowed to feed back the temperature distribution. In other words, we did not considered the heat pipe effect [30] , because heat transfer was not explicitly solved in the current pore-network model. We notice that neglecting the heat pipe effect would exaggerate water vapor transport and leads to an overestimated temperature gradient in the GDL. In near future, energy balance equation will be included in our pore-network model for studying non-isothermal water and vapor transport in the MPL and GDL.
